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I am deeply honored by the Allan Award, for myself
and for all my colleagues who have been involved in the
often labyrinthine pathway of research that led initially
from a freezer at the British Antarctic Survey, Cam-
bridge, and culminated eventually in DNA fingerprint-
ing. One of the great pleasures of science for me is the
unexpected and serendipitous twists of fate that can
shift the emphasis of research programs and, indeed,
entire careers. Such was the story of DNA fingerprint-
ing; I think that I would have been as astonished at the
suggestion, 15 years ago, that I would one day be in-
volved in using DNA in criminal investigations, as [ am
today at receiving the Allan Award.

My story starts in 1975 when, as a young and naive
postdoc, I joined Dick Flavell in Amsterdam on a joint
project with Charles Weissmann to isolate the rabbit
B-globin gene by a combination of biochemical purifica-
tion and cloning. During this project, we managed to
develop Southern blot hybridization to the point where
we could detect gene fragments not only in our partially
purified fractions but also, and astonishingly at the
time, in total genomic DNA—our first glimpse of a
mammalian single-copy gene. Restriction analysis soon
showed that the gene was a discrete entity amenable to
physical mapping and was distinctly odd, with a gap in
the middle—one of the first examples of an intron (Jef-
freys and Flavell 1977).

In the summer of 1977, I moved to the Department
of Genetics at Leicester as a junior lecturer and was
faced with the daunting prospect of establishing an in-
dependent research program with just myself and a
part-time technician who had barely heard of DNA.
This was the time for hard decisions. Should I press on
with the intron work, despite the entry of many large
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groups into the field? Should I move in another, rather
obvious, direction, using globin gene probing to hunt
for molecular defects in the hemoglobinopathies? In-
stead, I decided on a major shift in direction, towards
tackling problems of DNA variation and the evolution
of gene families, an almost virgin field. As a graduate
student at the Genetics Laboratory, Oxford, I had been
raised on a staple diet of biochemical and serological
polymorphisms, and I appreciated the limitations of
these systems, particularly their restricted number and
the extremely heterogeneous mode of detection. I rea-
soned that, if we could construct restriction maps
around genes, then, with luck, we should be able to
detect DNA polymorphisms that affected restriction
sites, in other words, RFLPs. By late 1977 we had our
first variant, a rare 8-globin RFLP found in my techni-
cian. To verify its heritability, we tested her parents—
and so, I suspect, were the first subconscious seeds of
paternity analysis sown in my mind.

This early survey of the incidence of RFLPs in human
DNA (Jeffreys 1979), together with the work of Kan
and Dozy (1978), showed that RFLPs were likely to be
reasonably common in human DNA and could provide
a unified approach to developing unlimited numbers of
human genetic markers and thereby solve one of the
major hurdles in the construction of human linkage
maps. Shortly thereafter, this idea was greatly elabo-
rated by Botstein, White, Skolnick, and Davis (Botstein
et al. 1980), who defined the strategy and feasibility of
global linkage mapping using RFLPs. This strategy has
come to recent spectacular fruition through a major
international collaboration (NIH/CEPH Collaborative
Mapping Group 1992).

By the early 1980s, it was clear that RFLPs were not
only rather difficult to find but also cumbersome and
expensive to type, as well as being distinctly uninforma-
tive (almost all were diallelic systems). Would it be pos-
sible to find much more variable and informative loci?
To my delight, Arlene Wyman and Ray White (Wyman
and White 1980) reported the fortuitous isolation of
the first hypervariable multiallelic locus, though, at the
time, the physical basis of variability was unclear. It was
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with great interest, therefore, that I read the paper of
Bell et al. (1982), who showed that another hypervari-
able locus found near the human insulin gene consisted
of tandem repeats, with multiallelic variation arising
through variation in repeat copy number. These mul-
tiallelic loci seemed to be the key which would unlock
the door to efficient linkage analysis in man. In 1982,
we therefore turned our thoughts to developing general
methods for detecting and isolating such loci. Various
harebrained schemes, such as cloning regions of DNA
devoid of restriction sites, were tried and rejected. As
so often happens in science, the answer came from a
wholly different and unexpected direction.

Since 1978, we had been pursuing a research program
studying the molecular evolution of gene families, par-
ticularly the globin genes. Paul Simon, a perceptive
young undergraduate student, pointed out that our
globin-gene family studies were incomplete, since no
one had yet isolated the myoglobin gene, a distant rela-
tive of this family. We therefore cloned the cDNA and
gene via seal skeletal muscle, a rich source of myoglobin
mRNA. (The seal muscle was kindly provided by the
British Antarctic Survey, who keep a collection of tis-
sue samples of marine mammals—hence our story
starting in a British Antarctic Survey freezer). Routine
sequence analysis of the human myoglobin gene re-
vealed a short tandem repeat region in one of the in-
trons, a region we were later to dub a “minisatellite” by
virtue of its structural similarity, on a small scale, to
classical satellite DNA. Curiously, there were sequence
similarities between this minisatellite and a few other
known minisatellites (Weller et al. 1984); others too
had noted that minisatellite sequences did not appear
to be random (Proudfoot et al. 1982; Goodbourn et al.
1983). Was there a sequence motif shared by minisatel-
lites, and, if so, could this provide the basis of a general
hybridization probe for detecting hypervariable loci?

In 1983, Vicky Wilson and I started the quest by
searching for genomic clones which could (just about)
cross-hybridize to the myoglobin minisatellite. To our
delight, all clones isolated contained a minisatellite,
some of which were polymorphic in human DNA.
More intriguingly, sequence analysis revealed a clear
10-15-bp common “core” sequence embedded within
the repeat units of each locus (Jeffreys et al. 19854).
Two ideas immediately sprang to mind: first, that this
core sequence might in some way be promoting the
generation of hypervariable loci, and, second, that
probes containing tandem repeats of the core might be
particularly effective at detecting many minisatellites
simultaneously. Fortunately, two of our clones con-
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sisted of tandem repeats of just the core sequence, and
so we tried the obvious experiment—namely, Southern
blot hybridization of genomic DNA with these probes.
The results, developed early one Monday morning in
September 1984, instantly and literally changed my life.
The probes had managed to detect an astonishingly
rich, complex, and variable array of DNA fragments,
not just from man but also from several other animal
species that happened to be on the Southern blot. Un-
knowingly, we had stumbled upon DNA fingerprinting
(Jeffreys et al. 19854, 1985b). The implications for indi-
vidual identification and kinship analysis were obvious.
We knew that conventional serological and biochemi-
cal polymorphisms had a distinguished history of foren-
sic service dating back to the first suggestion by Land-
steiner and Richter (1903) that ABO typing could be
used for bloodstain identification. However, we also
knew that these markers were of limited utility and
could normally only be used in an exclusionary con-
text. It was clear that these hypervariable DNA patterns
offered the promise of a truly individual-specific identi-
fication system. We therefore coined the term “DNA
fingerprinting” as a deliberate move to emphasize the
new forensic paradigm that we could foresee if these
probes could be used in criminal and civil investiga-
tions.

Our next job was to explore the genetic properties of
these DNA fingerprints, including individual variabil-
ity, the nature and genomic distribution of the hyper-
variable loci contributing to a DNA fingerprint, and the
mutational properties of these unstable loci. All of
these studies confirmed our view of the extraordinary
levels of individual specificity (except for monozygous
twins) afforded by DNA fingerprinting, and its poten-
tial utility in definitively assigning or excluding parent-
age in paternity disputes. Peter Gill at the Home Office
Forensic Science Service and 1 also collaborated to
show that DNA fingerprinting could be applied to at
least some forensic samples, such as blood and semen
stains (Gill et al. 1985). At the time, however, I felt that
a radical new technology like this would take years of
validation before ever becoming acceptable in court. |
had not, however, taken into the account the enthusi-
asm of English lawyers!

In April 1985, I was contacted by Sheona York of the
Hammersmith and Fulham Community Law Centre.
She had heard of our work and wondered whether
DNA fingerprinting could be used to help an immigrant
family whose youngest son was facing deportation on
the grounds of strong circumstantial evidence suggest-
ing that the boy was bogus and not a true member of
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the family. Blood-group evidence supported the boy’s
claim, but not convincingly. With some trepidation, we
tackled the case and showed that, beyond any conceiv-
able doubt, the boy was a full authentic member of the
family (Jeffreys et al. 1985¢). We submitted the evi-
dence to the Home Office, who obviously had never
heard of DNA, yet alone DNA fingerprinting. The au-
thorities nevertheless promptly dropped the case
against the boy. The ensuing publicity opened a flood-
gate of enquiries from immigrant communities in which
thousands of families, particularly from the Indian sub-
continent, were separated by immigration disputes over
claimed family relationships. By early 1986, we had also
had our first paternity case accepted in a magistrates
court, and we soon found ourselves in a state of siege.
To solve the demand, Cellmark Diagnostics was cre-
ated to provide the first commercial DNA fingerprint-
ing service; to date, they have processed over 90,000
samples for paternity and immigration analysis and have
made a massive impact on civil law and immigration
policy in the United Kingdom.

Multilocus DNA fingerprinting, using either the ini-
tial minisatellite probes or a host of alternative probes
based on synthetic or natural tandem repeats, has now
become standard practice in resolving kinship disputes,
at least in the United Kingdom. This technology has
also found major applications in animal and plant analy-
sis, particularly for investigating population structure
and reproductive strategies and for conservation biol-
ogy. The complexity of DNA fingerprints, their limited
sensitivity, and their vulnerability to DNA degradation
have, however, severely limited their usefulness in foren-
sic casework.

By mid 1985, we and others set about using these
multilocus probes to isolate individual minisatellites,
both to study the biology of these loci and to develop
highly informative DNA markers for linkage mapping
and DNA typing. Yusuke Nakamura and Ray White
developed a cosmid screening strategy which yielded
many minisatellites, now also known as VNTRs (Naka-
mura et al. 1987). We followed a different strategy,
selecting the longest and most variable alleles for clon-
ing to yield some of the most variable loci ever discov-
ered in human DNA (Wong et al. 1987). The highly
variable two-allele hybridization patterns obtained
were soon shown to have potential forensic applica-
tions, particularly in view of probe sensitivity, profile
simplicity, and the ability to database patterns as esti-
mated DNA fragment lengths. These patterns, per
probe, are not individual specific, and we term them
“DNA profiles”; it is with some frustration that I note

that the term “DNA fingerprinting” has become
corrupted, particularly in the United States, to refer to
almost any DNA typing system—I prefer to restrict the
use of “DNA fingerprinting” specifically to the individ-
ual-specific multilocus patterns generated by minisatel-
lite core probes, as originally defined.

DNA profiling saw its forensic debut in late 1986,
with the Enderby murder case local to Leicester, in
which two schoolgirls had been raped and murdered. A
youth had been arrested and had confessed to one of
the murders. The local police asked if I would analyze
semen samples from both victims to verify his guilt—if
possible, for both murders. The DNA profile evidence
obtained was astonishing: the semen from both victims
was indeed almost certainly from the same man, but
totally mismatched the young man. Following indepen-
dent testing by Home Office forensic scientists, the po-
lice accepted that the confession was false and released
the young man, the first person proved innocent by
DNA typing. There followed the first-ever DNA-based
manhunt, which involved mass voluntary screening of
the local population and led to the eventual entrapment
of the double murderer, who is now serving two life
sentences for his crimes (Wong et al. 1987; Wambaugh
1989).

In the following years, DNA profiling has spread to
hundreds of state and commercial forensic laboratories
worldwide and is now a standard tool in the forensic
scientists’ armamentarium. It is unlikely to have
escaped the attention of the reader that the forensic
implementation of DNA profiling has not occurred
without controversy. Following the debacle over the
1989 Castro case in New York, there has emerged, par-
ticularly in the United States, an increasingly polarized
and rancorous debate, which, if nothing else, has served
to highlight the lack of congruence between scientific
and legal logic. Every aspect of DNA profiling has come
under the microscope, including the technical compe-
tence of testing laboratories, the criteria used for de-
claring profile matches in the face of experimental
errors in DNA fragment length measurement, and the
potential influences of population structuring and in-
breeding on the statistical estimation of match frequen-
cies. The latter area is now the focus of most contro-
versy. While I doubt whether anything I write here
would influence the debate one jot, I would like to
point out that extensive empirical studies so far have
repeatedly failed to reveal population effects of a mag-
nitude sufficient to lead to any likelihood of a miscar-
riage of justice. I would also note that the novel popula-
tion-genetic behavior of minisatellites, with their high
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mutation rate and demonstrable propensity towards
convergent allele length evolution, sets them aside from
conventional loci and can make them especially refrac-
tory to genetic drift processes.

The next revolution in forensic DNA analysis came
in 1988, with Cetus’ introduction of user-friendly PCR
driven by Taq polymerase (Saiki et al. 1988) and the
promise of supersensitive typing applicable to the 40%
or so of crime-scene samples with too little or too de-
graded DNA for DNA profiling. We soon showed that
minisatellites could be amplified, both singly and in
multilocus format, by multiplex PCR, and typed even at
the single-molecule or single-cell level (Jeffreys et al.
1988b). Additional PCR-based typing methods also ap-
peared, including HLA-DQa typing by reverse dot blot,
mtDNA control region typing, and the development of
short variable tandem-repetitive DNA markers (CA re-
peat loci, microsatellites, and simple tandem-repeat
loci). The latter in particular offer great forensic prom-
ise (Edwards et al. 1991) and have already been applied
to difficult casework, such as bone DNA analysis (Ha-
gelberg et al. 1991), and most recently to the successful
identification of the skeletal remains of Josef Mengele,
the notorious Auschwitz camp doctor (Jeffreys et al.
1992).

Microsatellites, while effective, do have some limita-
tions, including restricted variability (typically 12 or so
alleles per locus) and the need to define alleles by length
measurement. In 1990, we therefore sought to develop
an alternative DNA typing system which would com-
bine the variability of minisatellites with the speed and
sensitivity of PCR and which would further avoid the
problems inherent in DNA fragment length measure-
ment. To this end, we have developed a technique
called “MVR-PCR” (minisatellite variant repeat map-
ping by PCR; Jeffreys et al. 1991), which taps into a
second level of minisatellite variability—namely, varia-
tion in the interspersion pattern of subtly different
types of repeat unit along the tandem array. For exam-
ple, if a locus contains two types of repeat unit, A and B
(which might differ by just a single base substitution),
then the structure of a given allele could be represented
by AABABBABABAAA . . .—in other words, a binary
code. For total genomic DNA, both alleles are superim-
posed to give a ternary code 12331312133322. . .,
where 1 = both repeats A type at a given position, 2
= both B type, and 3 = heterozygous A/B. We have
shown that MVR-PCR can generate extraordinarily in-
formative unambiguous digital codes from human
DNA (500 unrelated people so far typed all have differ-
ent codes at just a single locus) and circumvents many
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of the limitations of conventional DNA typing. We are
currently evaluating its applicability to forensic case-
work, with encouraging results so far. MVR-PCR has
also revealed, for the first time, the true level of allelic
variability at a minisatellite locus, with at least 10® dif-
ferent alleles at the MS32 locus in the world today,
compared with a mere 100 or so alleles distinguishable
by allele length.

In parallel with the forensic applications of minisat-
ellites, we have continued exploring their biological
properties. In 1985, we first suggested that the minisat-
ellite core sequence may in some way promote instabil-
ity, perhaps by serving as a recombination signal to
drive unequal exchange between minisatellite alleles
(Jeffreys et al. 19854). We were particularly intrigued
when Nicola Royle in my laboratory first showed that
minisatellites are not dispersed at random in the human
genome but cluster near telomeres (Royle et al. 1988).
While limiting their usefulness in linkage analysis, this
clustering in or near genomic regions known from cyto-
logical studies to be involved in homologue recognition
at meiosis, synapsis, and recombination suggested some
possible involvement of minisatellites in these chromo-
somal processes. Direct detection of new mutant alleles
at these unstable loci, both by pedigree analysis and by
single-molecule PCR analysis of germ-line and somatic
DNA (Jeffreys et al. 19884, 1990, 1991), has allowed us
to analyze the internal structure of new mutant alleles
directly. It is now clear that minisatellites (at least those
we have analyzed) do not mutate solely by replication
slippage, the mechanism believed to operate at micro-
satellite loci. Instead, clear evidence is emerging for re-
combinational interplay between sister chromatids and
homologous chromosomes in the mutation process,
consistent with a role for minisatellites in recombina-
tion. Curiously, many events are directed towards the
extreme beginning of the tandem-repeat array creating
alocalized variability and mutation hot spot. Some mu-
tation events have the characteristics of localized gene
conversions at this hot spot, consistent, for example,
with gap repair of a double-stranded break introduced
into the beginning of the tandem array of the recipient
allele. Localized mutation thus suggests a recombina-
tion/conversion hot spot present at the beginning of
the array; further definition of the role of this hot spot
in minisatellite instability is being pursued by a search
for trans-acting minisatellite DNA-binding proteins
and by studying human minisatellites in transgenic mice
to define cis-acting flanking sequences which serve as
recombinators. It remains to be seen whether minisat-
ellite are just another category of selfish, though very
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useful, DNA or instead exert some profound influence
on fundamental chromosomal processes.

Finally, I should like to express my gratitude to all my
colleagues, both within and without science, for their
unstinting support over an exciting—and frequently
frantic—decade of research. It has been a great privi-
lege to be involved in developing a field with such obvi-
ous social, legal, and political impact. One of the high-
est compliments can be found in the 8th edition of the
Concise Oxford Dictionary, which includes the entry
“genetic fingerprinting (or profiling), the analysis of
characteristic patterns in DNA as a means for identify-
ing individuals™; this establishes, if nothing else, that
DNA typing is now part of the English language!
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